Rationale Research on adolescence and drug abuse increased substantially in the past decade. However, drug-addictionrelated behaviors following stressful experiences during adolescence are less studied. We focus on rodent models of adolescent stress cross-sensitization to drugs of abuse. Objectives Review the ontogeny of behavior, dopamine, corticotropin-releasing factor (CRF), and the hypothalamicpituitary-adrenal (HPA) axis in adolescent rodents. We evaluate evidence that stressful experiences during adolescence engender hypersensitivity to drugs of abuse and offer potential neural mechanisms. Results and conclusions Much evidence suggests that final maturation of behavior, dopamine systems, and HPA axis occurs during adolescence. Stress during adolescence increases amphetamine-and ethanol-stimulated locomotion, preference, and self-administration under many conditions. The influence of adolescent stress on subsequent cocaineand nicotine-stimulated locomotion and preference is less clear. The type of adolescent stress, temporal interval between stress and testing, species, sex, and the drug tested are key methodological determinants for successful crosssensitization procedures. The sensitization of the mesolimbic dopamine system is proposed to underlie stress crosssensitization to drugs of abuse in both adolescents and adults through modulation by CRF. Reduced levels of mesocortical dopamine appear to be a unique consequence of social stress during adolescence. Adolescent stress may reduce the final maturation of cortical dopamine through D2 dopamine receptor regulation of dopamine synthesis or glucocorticoidfacilitated pruning of cortical dopamine fibers. Certain rodent models of adolescent adversity are useful for determining neural mechanisms underlying the cross-sensitization to drugs of abuse.
Preamble Adverse experiences during adolescence predict increased use of illicit substances (DeWit et al. 1999; Dube et al. 2006; Nelson et al. 1995; Somaini et al. 2011; Sullivan et al. 2006; Tharp-Taylor et al. 2009; Topper et al. 2011 ) and addiction (Dube et al. 2002; Dube et al. 2003; Hoffmann et al. 2000; Kaltiala-Heino et al. 2000) . Substance use during adolescence is associated with addiction, depression, conduct disorders, and cognitive impairments (Clark et al. 1998; Viveros et al. 2012) . Furthermore, beginning substance use during adolescence shortens the transition from the first drug exposure to addiction (Clark et al. 1998) . Basic research models are urgently needed to investigate the neural mechanisms responsible for the connection between adolescent stress and the development of substance use disorder Sullivan et al. 2006) .
While research on drugs of abuse and adolescence in animal models has increased in the past decade (Fig. 1 , white bars), experiments investigating drug abuse, adolescence, and stress have received less attention ( Fig. 1, black bars) . This review focuses on rodent models of adolescent stress and subsequent behavioral and neural cross-sensitization to drugs of abuse. Application of stressful procedures to the adolescent rodent can increase drug-stimulated locomotion, drug preference, and voluntary drug intake. However, the type of stress, interval between stress and testing, species, sex, and the drug tested are critical factors to consider. We hypothesize dopamine (DA) D2 receptors, extrahypothalamic corticotropin-releasing factor (CRF), and glucocorticoids as potential neural mechanism underlying sensitized mesolimbic DA and reduced cortical DA.
Adult stress cross-sensitization to drugs of abuse
Reports from emergency rooms, the criminal justice system, and epidemiological data, all link drug abuse with violent crimes, stress, and post-traumatic stress disorder (Substance Abuse and Mental Health Services Administration 2010; Sinha 2009; Sinha et al. 2006) . Basic research seeks to model the link between stress and drug abuse. A "stressor" must disrupt homeostasis, initiate anticipatory behavioral and physiological responses after repeated exposure, and exceed the adaptive capacity and regulatory range of the individual allostasis (reviewed in Koolhaas et al. 2011; Miczek et al. 2008; Ulrich-Lai and Herman 2009 ). When prior stress increases subsequent behavioral or neural responsiveness to a drug, drug preference, or drug self-administration, it is termed "cross-sensitization." Many stress models have been shown to cross-sensitize to drugs of abuse. For instance, tail pressure (Antelman et al. 1980) , brief pulses of foot-shock (Herman et al. 1984; Robinson et al. 1985) , particularly when uncontrolled (MacLennan and Maier 1983) , and context specific immobilization stress (Robinson et al. 1985) can increase drug-induced locomotion and stereotypy. Stressful procedures increase many drug abuse-related behaviors such as behavioral sensitization (e.g., Covington and Miczek 2001; Kalivas and Duffy 1989; Sorg and Kalivas 1991) , conditioned place preference (CPP) (e.g., McLaughlin et al. 2006; Rozeske et al. 2009 ), intravenous self-administration (e.g., Beck and O'Brien 1980; Goeders and Guerin 1996; Haney et al. 1995; Tidey and Miczek 1997) , and reinstatement of drug seeking (Erb et al. 1996; Shaham and Stewart 1996) . It is quite clear that many rodent models of adverse adult experiences can cross-sensitize with the behavioral effects of abused drugs, particularly psychostimulants.
There is a wide range of intensity between types of stressful procedures applied to rodents, implying that not all stressors are equal. Animals habituate to some stressors, such as restraint (Kirschbaum et al. 1995) , but not to others such as social stress . Controllability and predictability are key factors to consider when developing models of stress in animals . These factors also apply to stress cross-sensitization to abused drugs in animal models. For instance, chronic unpredictable stress increases cocaine-induced locomotion and CPP, while chronic predictable stress does not (Haile et al. 2001) . Social defeat, like unpredictable stress, cross-sensitizes to drugs of abuse . Repeated social defeat of adult rats shortens the latency to acquire (Haney et al. 1995) , increases the rate of self-administration under limited and extended access conditions , and abolishes the circadian pattern of cocaine self-administration (Miczek et al. 2004) . Threat of social defeat also increases the reinstatement of drug seeking behavior (Funk et al. 2005 ; Ribeiro Do Couto et al. 2006) . Thus, social defeat appears to be a stressor of significance for adult stress cross-sensitization to cocaine.
Sensitization of mesocorticolimbic DA system has been implicated in stress cross-sensitization to drugs for more than three decades (Sorg and Kalivas 1991 ) and is still a major focus (e.g., Garcia-Keller et al. 2013) . Both restraint and threat of social defeat are known to increase DA release (Imperato et al. 1989; Tidey and Miczek 1996) . These stressors also increase subsequent amphetamine (Amph) or cocainestimulated extracellular DA in the nucleus accumbens (NAc) Pacchioni et al. 2007; Tidey and Miczek 1996) . While greater NAc DA sensitivity after stress is important, other neural mechanisms such as brain-derived neurotropic factor (BDNF), corticotropin-releasing factor type 1 receptor (CRF-R1) (Boyson et al. 2011; Miczek et al. 2011) , and NAc actin cytoskeleton protein (Esparza et al. 2012) are Fig. 1 Number of publications utilizing animals on the topics "adolescence and drugs of abuse" (white bars) and "adolescence and drugs of abuse and stress" (black bars). Internet literature search suggests an eightfold increase in articles published from 1997 to 2011 on adolescence and the most abused drugs. What has received relatively less attention is the effect of stress on adolescent drug abuse. In fact, adding "stress" to these search criteria reduced the search results by seven-fold (black bars). The searches were conducted at www.scopus.com (Elsevier B.V.) and data were downloaded on June 3rd, 2013. Search terms entered into the field for "Adolescent + Drugs of Abuse" were, "TITLE-ABS-KEY(((rat OR mouse OR monkey OR hamster OR animal) AND (juvenile OR adolescence) AND (cocaine OR heroin OR morphine OR amphetamine OR methamphetamine OR marijuana OR thc OR alcohol OR mdma OR nicotine)))". Search terms for "Adolescence + Drugs of Abuse + Stress" were, "TITLE-ABS-KEY(((rat OR mouse OR monkey OR hamster OR animal) AND (juvenile OR adolescence) AND (cocaine OR heroin OR morphine OR amphetamine OR methamphetamine OR marijuana OR thc OR alcohol OR mdma OR nicotine) AND stress))" also implicated in this temporal connection between stress and abused drugs. Overall, the neural system common to adult stress-induced sensitization to drugs of abuse is the mesocorticolimbic DA system. This system develops during adolescence and exposure to stress during adolescence may alter the final maturation of brain DA Andersen 2003; Andersen and Teicher 2009; Crews et al. 2007; Hall 1998; O'Donnell 2010; Rodrigues et al. 2011; Spear 2000) .
Adolescence and relevant maturation
Adolescence and puberty Most (∼93 %) neurodevelopmental preclinical studies use rat and mouse models (Clancy et al. 2007 ). Adolescent rodents exhibit some similar behavioral characteristics to human adolescents Andersen 2003; Laviola et al. 2003; Lukkes et al. 2009c; Spear 2000; Spear and Brake 1983) . The specific postnatal days (P) when a rodent is considered an adolescent are quite variable between studies (e.g., Yetnikoff et al. 2013 ). The period 7-10 days prior to puberty and a few days after puberty are referred to as periadolescence (Adriani and Laviola 2000; Spear and Brake 1983) . The term juvenile is used to refer to rats between P21 and 28 (Brenhouse et al. 2008 ). In the broadest sense, P21 through P59 are considered "adolescence" in rodents Tirelli et al. 2003) , while some suggest immaturity persists even longer (Adams and Boice 1983; Brenhouse and Andersen 2011) . Here, rodent adolescence is separated into the following stages as shown in Fig. 2 : early adolescence (P21-34), mid-adolescence (P34-46), and late adolescence (P46-59). These stages are in line with other reports Lukkes et al. 2009c; Tirelli et al. 2003) to correspond to early (10-14 years), middle (15-17 years), and late (18-21 years) human adolescence (e.g., Braet et al. 2013; Wills et al. 1996) . Even though these particular ages are approximations and individuals mature at different rates, the precise age of a rodent is most often the basis for experimental design and methodology in rodents.
While there is no physical marker for the temporal boundaries of adolescence, the onset of puberty can be measured. Puberty is triggered by the hypothalamic gonadal axis during adolescence and influences physiological, behavioral, and central nervous system maturation (Sisk and Foster 2004) . Puberty in mice and hamsters appears at an age similar to rats (Safranski et al. 1993; Vomachka and Greenwald 1979) , which is often considered adolescence (e.g., Lopez et al. 2011; Wommack et al. 2004 ). Measurement of preputial separation and vaginal opening in 678 Sprague Dawley male and female rats, respectively, suggests that males reach puberty between P45 and 48 and female puberty is around P32-34 (Lewis et al. 2002) . However, the range of pubertal onset among individuals varies widely, occurring from P40 to 76 in males and P28 to 41 in females (Lewis et al. 2002) . In one report, male rat body weight at the typical onset of puberty (P45-48) ranged from 154 to 242 g, while rats weighing between 250 and 274 g ranged in age from P49 to 70 (McCutcheon and Marinelli 2009 ). This suggests that weight is a poor indicator of age. Furthermore, housing males in close proximity to females can accelerate the onset of female puberty (Khan et al. 2008; Vandenbergh 1967; Vandenbergh et al. 1976) . Overall, there are many social and environmental determinants of the highly variable onset of puberty. Although sexual maturation and reproductive ability mature rapidly, much brain and behavioral maturation encompasses a more extensive developmental trajectory triggered by separate neural mechanisms (Sisk and Foster 2004) .
Behavior
The adolescent rodent exhibits peaks in behaviors reminiscent of human adolescents Brenhouse and Andersen 2011; Brenhouse et al. 2008; Laviola et al. 2003; Marco et al. 2011; Spear 2000; Spear and Brake 1983) . Novelty directed behavior is greater in adolescence compared with adults (Adriani et al. 1998; Douglas et al. 2003; Laviola et al. 2003) . The peak in novelty seeking around P32-36 (Vetter-O'Hagen and Spear 2012b) is greater in males than in females (Fig. 2a, top) . Interestingly, Vetter-O'Hagen and Spear (2012a) find that gonadal hormones are not involved in the adolescent peak in novelty-directed behavior. Goal-directed behavior matures during adolescence (Naneix et al. 2012; Naneix et al. 2013) and adolescents exhibit greater preference for social stimuli than adults (Douglas et al. 2004; Yates et al. 2013) . Play fighting begins to rise as early as P18 (Bolles and Woods 1964) and peaks between P30 and 40 (Meaney and Stewart 1981; Panksepp 1981; Panksepp et al. 1984; Pellis and Pellis 1990) (Fig. 2a, middle) . Play fighting within the same sex is greater in males whether housed in groups or individually (Meaney and Stewart 1981; Pellis and Pellis 1990) (Fig. 2a, middle) . Adolescents exhibit greater novelty exploration (Stansfield and Kirstein 2006) and time spent on the unprotected arms of the elevated plus maze (Macrı et al. 2002) , which are interpreted as risk-taking behaviors (McCourt et al. 1993 ). This cannot be explained by underdeveloped fear memory as freezing in response to a context previously paired with foot-shock appears as early as P14 in mice (Akers et al. 2012 ) and around P18-23 in rats (Brasser and Spear 2004; Raineki et al. 2010; Rudy and Morledge 1994; Schiffino et al. 2011) (Fig. 2a,  lower) . Increased adolescent behaviors (e.g., novelty seeking, play fighting, and social preference) re thought to be evolutionarily adaptive by encouraging explorative behaviors, reducing the possibility of inbreeding, discovering new potentially essential resources, and developing social skills pertinent to being functional in adulthood (Casey et al. 2008; Feixa 2011; Spear 2000) .
Hypothalamic-pituitary-adrenal axis
The hypothalamic-pituitary-adrenal (HPA) axis is an important component of the stress response and is implicated in stress-induced escalations of drug seeking behaviors (Goeders 2002a, b; Steiner and Wotjak 2008) . The paraventricular nucleus of the hypothalamus (PVN) releases CRF into the anterior pituitary portal system, which in turn causes the release of adrenocorticotropic hormone (ACTH) from the anterior pituitary (Antoni 1986; Rivier et al. 1982) . This hormone stimulates the production of glucocorticoids from the adrenal cortex (Antoni 1986; Herman et al. 2003) , which regulates the release of further ACTH and CRF through a negative feedback mechanism (Keller-Wood and Dallman 1984) . Early adolescent rats exhibit prolonged and elevated levels of the glucocorticoid, corticosterone, in response to restraint compared with adults (Gomez et al. 2002) . This exaggerated HPA response peaks in early adolescence and restraint-induced corticosterone is the same as adult levels by P40, whereas stimulated adrenocortocotropic hormone levels mature by P60 (Foilb et al. 2011) (Fig. 2b) . Early adolescents exposed to repeated restraint secrete more corticosterone than adults exposed to the same procedure (Romeo et al. 2006) . This adolescent maturation of the HPA axis is not regulated by pubertal increases testosterone in adolescent male rats (Romeo et al. 2004) . Adolescent females exhibit prolonged elevation similar to males in response to restraint stress, but release more corticosterone than males at the apex of the response (Romeo 2010) . Adolescent males have greater CRF mRNA expression in the PVN, while the opposite was reported in adolescent females (Romeo et al. 2007; Viau et al. 2005) . These studies are in agreement with other reports that the HPA axis is hyper-responsive during adolescence (reviewed in Klein and Romeo 2013; McCormick 2010 ). This effect is attributed to underdeveloped negative feedback (Sapolsky et al. 1985; Vazquez and Akil 1993) , which is a characteristic that may increase vulnerability to stress crosssensitization to drugs of abuse (Deroche-Gamonet et al. 2004 ).
Brain dopamine and CRF
During postnatal development, components of neurocircuitry are overproduced in early life followed by substantial elimination, or pruning, of this circuitry during adolescence. White matter in the human brain increases linearly throughout development into adulthood (Gogtay et al. 2004 ). The overall change in gray matter during adolescence follows an inverted U-shaped function, rising during adolescence and declining to adult levels at the end of adolescence (Giedd 2004; Giedd et al. 1999) , agreeing with synaptic density measurements in humans (Glantz et al. 2007 ) and rats (Andersen and Teicher 2004) . The peak of neural activity in subcortical regions during adolescence may underlie the increased risk taking and novelty seeking behaviors, which are normally inhibited by cortical control regions that undergo a much slower adolescent maturation than subcortical regions (Casey et al. 2008) . Although many rodent neural systems mature during adolescence (Brenhouse and Andersen 2011; McCutcheon and Marinelli 2009; Sisk and Foster 2004; Spear 2000) , the maturation of DA neurons in the ventral tegmental area (VTA) that project to the medial prefrontal cortex (mPFC) and NAc is perhaps the most critical neural system relevant to processing salient events, including responses to psychostimulants (reviewed in Everitt and Wolf 2002; Schultz 2002; Wise 1996) . Thus, the adolescent reorganization of the DA system is very instructive Spear 2000) .
Dopamine fibers
Much evidence from rodent studies demonstrates the adolescent maturation of the mesocorticolimbic DA system. Measuring DA transporters as a marker for innervation density (Ciliax et al. 1995) suggests that these molecules increase rapidly until P21 then gradually increase until P35 in the striatum and NAc (Tarazi et al. 1998a ), while tyrosine hydroxylase labeled fibers reach a stable level between P25 and 70 (Naneix et al. 2012) . By contrast, dopaminergic innervation of the mPFC continues to increase progressively throughout adolescence until about P60 (Benes et al. 2000; Kalsbeek et al. 1988; Naneix et al. 2012) . The evidence suggests that DA fibers in the striatum and NAc mature early while DA projections to mPFC finish final maturation in late adolescence (Fig. 2c, top) .
Dopamine activity
There is increased mPFC DA synthesis and turnover in midadolescent rats (P30) compared with adults (Andersen et al. 1997a; Teicher et al. 1993) , suggesting a peak in early adolescence. In the NAc and striatum, DA levels appear to increase to adult levels between P28 and 42 (Andersen and Gazzara 1993; Leslie et al. 1991) , possibly between P35 and 45 (Badanich et al. 2006) . The rate-limiting enzyme in DA synthesis, tyrosine hydroxylase, is higher in adulthood than in adolescence in the NAc core and cingulate cortex, but not the striatum (Mathews et al. 2009 ). However, others find that basal rates of DA transients in the NAc core are the same during early adolescence and adulthood (Robinson et al. 2011) . Generally, DA activity rises during early to midadolescence with a clear peak in the mPFC that declines by adulthood (Fig. 2c , middle).
Dopamine receptors
Both D1-like and D2-like dopamine (D1 and D2) receptors are coupled to Gs and Gi proteins, respectively, and found in the mPFC, NAc, and striatum (Centonze et al. 2002; Fishburn et al. 1995) . In the rat mPFC, levels of D1 and D2 receptors peak around P40 to 60 (Andersen et al. 2000; Naneix et al. 2012; Tarazi and Baldessarini 2000) and then decline as the rat ages (Andersen et al. 2000; Naneix et al. 2012 ). In the NAc and striatum, the density of D1 and D2 receptors peak at P28 and then decline in adulthood (Tarazi et al. 1998b; , with an adolescent peak of DA receptor mRNA in the striatum (Naneix et al. 2012 ). The mid-adolescent peak in D1 receptors occurs in mPFC neurons innervating the NAc (Brenhouse et al. 2008) . The ability of D2 autoreceptors to modulate DA synthesis declines with maturation, and this effect is most pronounced in the mPFC where D2 receptor regulation of DA synthesis is almost completely lost by adulthood (Andersen et al. 1997a) . In sum, these results indicate an early adolescent peak in striatum and NAc DA receptors, with a late adolescent peak in DA receptors in the mPFC (Fig. 2c, bottom) . The overproduction of corticolimbic DA receptors during adolescence continues unhindered by gonadectomy (Andersen et al. 2002) . The peak in DA receptors is much less dramatic in females than males (Andersen et al. 1997b) . Typically, only males are investigated when characterizing the ontogeny of the adolescent DA system. This could be due to the complexities in assessing the hormonal state of females. Further evidence supports early NAc DA maturation and delayed mPFC DA maturation in response to stress. Lyss et al. (1999) found that neuronal activation occurred mostly in the NAc when stress was applied in early adolescence, but in the mPFC when stress was applied in late adolescence. Pruning and fine-tuning of DA systems in late adolescent is thought essential for proper development into adulthood (Andersen 2003; Spear 2000; Weinberger 1987) , as alterations to the pruning of DA systems may underlie the appearance of psychiatric disorders in adulthood (Lipska and Weinberger 2002; Thompson et al. 2004 ) and even increase susceptibility to drug addiction (Wise 1996) .
Corticotropin-releasing factor
In addition to activating CRF in the PVN, stress also increases CRF in the VTA, which stimulates VTA DA neurons and local DA release under certain conditions (Wanat et al. 2008; Wang et al. 2005) . CRF is a neuropeptide that signals through the CRF-R1 and the type 2 receptor (CRF-R2) in the VTA, NAc, and mPFC, among other regions (Lemos et al. 2012; Rodaros et al. 2007; Swanson et al. 1983; Ungless et al. 2003; Van Pett et al. 2000) . Genetic deletions implicate CRF-R1 signaling in anxiety-like behavior and CRF-R2 signaling as anxiolytic (Bale et al. 2002) . In much of the brain, CRF receptor levels peak prior to adolescence (Avishai-Eliner et al. 1996; Insel et al. 1988 ). However, levels of CRF mRNA in the central nucleus of the amygdala are greater in adulthood than early adolescence (Viau et al. 2005 ). Binding to CRF-R2 in the amygdala at P30 is lower than in P98 male rats (Weathington and Cooke 2012) . By contrast, CRF-R2 mRNA levels are greater in the basolateral amygdala (BLA) during adolescence compared with adulthood (Eghbal-Ahmadi et al. 1998) . Thus, some evidence supports adolescent maturation of the CRF system in the amygdala.
Models of adolescent stress and subsequent exposure to drugs of abuse
Many of the same procedures applied to adult rodents to model stress are also used for studying the outcomes of adolescent stress (i.e. electric shock, restraint, social defeat, and chronic variable stress). Some stressors have unique consequences when applied during adolescence (e.g., individual housing). The type of test used to assess behavioral sensitivity to drugs of abuse is critical and the direction of the effect does not always agree between methods. For instance, high levels of cocaine-stimulated locomotion do not always predict high levels of cocaine self-administration (Thomsen and Caine 2011) . The following studies are organized by the method used to assess behavioral sensitivity to abused drugs after some form of adolescent stress.
Acute drug-stimulated locomotion Repeated episodes of restraint stress in adulthood can increase motor activity in response to an acute drug challenge (e.g., Cruz et al. 2012; Doremus-Fitzwater et al. 2010) , an effect often attributed to activity of NAc DA (Johnson et al. 1996; Pijnenburg and van Rossum 1973) . Less research has investigated adolescent stress cross-sensitization to acute drugstimulated locomotion. However, this is the method most heavily studied following adolescence stress.
Amphetamine and cocaine
During adolescence, repeated restraint increases the acute motor response to psychostimulants in male and female rats when tested approximately 2 days after stress termination Doremus-Fitzwater et al. 2010; Lepsch et al. 2005) (Table 1) . Some stressful procedures, however, fail to cross sensitize to acute drug challenge. For example, adult and mid-adolescent "social instability" fails to alter acute Amph-stimulated locomotion when data are collapsed across sexes (Mathews et al. 2008) (Table 1) . Female rats exhibit greater locomotion in response to higher, but not lower doses, of acute Amph after early adolescent restraint stress (Doremus-Fitzwater et al. 2010) (Table 1 ). This dose-dependent effect could be explained by a graded effect of stress duration, whereby 4 days of 1 h restraint was not sufficient to cause increased acute Amph-heightened locomotion at the low dose in female rats. In addition, there is no crosssensitization when the acute response to Amph was tested more than 2 days after social instability or restraint (Doremus-Fitzwater et al. 2010; Mathews et al. 2008) . Overall, restraint stress, but not social instability, during early adolescence or adulthood increases acute Amph-stimulated locomotion when tested soon after stress termination.
Social defeat is a stressor that elicits a sensitizing and nonhabituating corticosterone response in adolescent (Watt et al. 2009 ) and adult rats , respectively. Rats defeated in adolescence exhibit increased locomotion in response to Amph (1.0 mg/kg, ip) in adulthood (Burke et al. 2013) (Table 1) . However, at higher doses of psychostimulants adolescent social defeat decreases drug- Rats Wistar M P28-34 or P60-66 saline or nicotine (0.4 mg/kg, sc) injection then restraint for 2 h/day for 7 days P37 or 69 nicotine-(0.4 mg/kg, sc) ø acute nicotine locomotion after adolescent stress or adult stress, ↑ nicotine sensitization after nicotine then stress in adolescents only Zago et al. (2012) stimulated locomotion compared with controls (Burke et al. 2010; Trzcinska et al. 2002) (Table 1 ). The increase in Amphheightened locomotion after adolescent social defeat (Burke et al. 2013) (Table 1 ) may only be apparent at the low dose of psychostimulants because DA release and reuptake have not yet exceeded an upper limit (Cain et al. 2005; Cain et al. 2004; Klebaur and Bardo 1999; Klebaur et al. 2001) . High doses of Amph are hypothesized to cause a maximal behavioral response by activating all mesocorticolimbic DA regions and abolishing individual differences (Beckmann et al. 2011; Freed and Yamamoto 1985; Sharp et al. 1987) . Given the regional differences in adolescent development of DA systems, adolescent stress may have an impact on region-specific sensitivity to psychostimulants. Future studies should investigate multiple doses of psychomotor stimulants to help differentiate these possible mechanisms. Chronic variable stress (CVS) or chronic mild stress (Willner 1997 ) is a procedure that presents multiple stressors in an irregular order to avoid habituation to repeated stress. Lepsch et al. (2005) (Table 1 ) compared the effects of CVS and repeated restraint administration for 10 days during adolescence. They found that while both stressors increase acute cocaine-stimulated locomotion when tested later in adolescence, the CVS groups exhibit a greater degree of crosssensitization to cocaine compared with those exposed to restraint. Peleg-Raibstein and Feldon (2011) (Table 1) exposed C57BL/6 J mice to a different stressor each day for 5 days during adolescence. When tested in adulthood, but not adolescence, the acute behavioral response to 2.5 mg/kg Amph increases. The lack of cross-sensitization when tested in adolescence may contrast with Lepsch et al. (2005) because the CVS lasted longer and persisted overnight for 7 out of 10 days, whereas Peleg-Raibstein and Feldon (2011) administered a brief stressor once per day for 5 days. The ability of adolescent stress to elicit an effect at this dose of Amph might contrast with studies in rats (Burke et al. 2010 ) because C57BL/6 J mice show greater psychostimulant-heightened motor activation than rats (Thomsen and Caine 2011) . Overall, crosssensitization due to adolescent stress persists into adulthood after social defeat or CVS (Burke et al. 2013 ; Peleg-Raibstein and Feldon 2011), but not after restraint (Doremus-Fitzwater et al. 2010) . These data suggest that non-habituating stressors cause long lasting cross-sensitization to the motor-stimulating effects of psychostimulants in adolescence, whereas stressors characterized by habituation do not.
Nicotine
Fewer studies have tested the effects of adolescent stress on the response to acute nicotine challenge. Restraint stress in male rats does not alter acute nicotine-stimulated locomotion tested 3 days later regardless of whether the stress occurred in adolescence or adulthood (Cruz et al. 2008; Zago et al. 2012) Abbreviations: ↑ increased, ↓ decreased, ø no change in, P postnatal day, Amph amphetamine, x occurrence, h hour, ig intragastric, ip intraperitoneal, sc subcutaneous, SD Sprague Dawley, LE Long Evans, M male, F female (Table 1) . By contrast, female rats exposed to social instability from P33 to 48 exhibit increased acute nicotine-stimulated locomotion compared with males and non-stressed controls when measured at P80 (McCormick et al. 2004) (Table 1) . So far, the limited data suggest that adolescent stress increases the acute motor response to nicotine in adult females, but not males.
Ethanol
The motor response to acute ethanol was examined in adolescent and adult Sprague Dawley rats immediately after a single exposure to restraint or single housing (Acevedo et al. 2013 ) ( Table 1) . Adult single housing, but not restraint, increases the motor response to intragastric ethanol, but if this type of social stress occurred in adolescence, there is no change in ethanolstimulated motor activity. In adult rats, behavioral and neural sensitization are found after 21 drug-free days, but not after three or seven drug-free days (Paulson and Robinson 1995) . A stress-free time segment may be required for adolescent stress to permanently alter the brain in a manner that cross-sensitizes to acute drug-stimulated locomotion.
Drug-stimulated locomotion after repeated exposure Behavioral sensitization typically refers to an augmented motor response after repeated exposures to the drug (Robinson and Becker 1986; Segal 1975) . Stressful experiences in adulthood often increase behavioral sensitization to drugs of abuse (e.g., Covington and Miczek 2001; Haile et al. 2001; Kalivas and Duffy 1989; Sorg and Kalivas 1991) . Less is known about how adolescent stress affects behavioral sensitization.
Amphetamine
In an initial study, Kabbaj et al. (2002) dissociated the effects of social (isolation, defeat, rehousing, crowding, novelty, litter shifting) and other environmental stress (cold, forced swim, loud noise, ether, and restraint) throughout adolescence on behavioral sensitization to Amph (Table 1) . Handled controls and nonsocially stressed rats exhibit a sensitized locomotor response to Amph, whereas the socially stressed rats did not (Kabbaj et al. 2002) . Similarly, mid-adolescent social defeat does not increase psychostimulant-heightened locomotion after repeated dosing whether tested immediately or after a drug free period (Burke et al. 2013; Trzcinska et al. 2002) (Table 1) . By contrast, social instability in adolescence increases Amphstimulated motor activity relative to the acute Amph response, whereas non-stressed controls exhibit no such behavioral sensitization (Mathews et al. 2008) (Table 1) . Mathews et al. (2008) also report that regardless of whether social instability occurs during adolescence or adulthood, it enhances behavioral sensitization to Amph. Therefore, a few studies suggest that adolescent social stress does not increase behavioral sensitization to Amph or cocaine (Burke et al. 2013; Kabbaj et al. 2002; Trzcinska et al. 2002) , while others suggest an increase comparable to that seen after adult social stress (Mathews et al. 2008 ).
Nicotine
Social instability stress applied to mid-adolescent females increased the motor response to nicotine in adulthood on the fifth day of repeated injections and after three drug free days compared with males and non-stressed controls (McCormick et al. 2004 ) ( Table 1 ). This was not observed at a lower dose of nicotine on P69 (McCormick et al. 2005 ) ( Table 1) . Following repeated nicotine injections in adulthood, females stress during adolescence were injected with Amph and exhibited increased motor activity (McCormick et al. 2005) . These results agree with the effects of social instability on adult acute Amph-stimulated locomotion (Mathews et al. 2008) , but are at variance with other effects of social stress on adult behavioral sensitization (Burke et al. 2013; Kabbaj et al. 2002; Trzcinska et al. 2002) . Female rats concomitantly injected with nicotine and exposed to social instability in adolescence causes decreased motor response to repeated nicotine when tested in adolescence (McCormick and Ibrahim 2007) (Table 1) . Overall, adolescent social instability appears not to crosssensitize to repeated nicotine when tested in adolescence. However, when the psychostimulants are administered in adulthood, adolescent social instability appears to crosssensitize to nicotine only at higher doses and only in females.
Drug conditioned place preference
The CPP test measures preference for drug-paired cues/context to assess motivation to prefer a context paired with a drug experience (Bardo and Bevins 2000; Tzschentke 1998 ). While adult stress increases the preference for drug-paired cues (e.g., McLaughlin et al. 2006; Rozeske et al. 2009 ), drug CPP after adolescent stress is much less studied.
Preference for amphetamine and cocaine
Adult male rats exposed to social defeat in adolescence exhibit increased Amph CPP, but the experience of electric foot-shock at matched times fails to increase adult Amph CPP (Burke et al. 2011) (Table 2 ). This suggests differential effects of social versus nonsocial stress on preference for drug-paired cues, consistent with other data (Kabbaj et al. 2002) . One 2-h restraint session, an arguably less intense stressor than repeated social defeat actually reduces CPP for Amph in adulthood (Richtand et al. 2012) (Table 2) . Similarly, Thanos et al. (2010) (Table 2) find that forced wheel running also reduces cocaine CPP when tested 1 day later. Overall, these studies Abbreviations: "↑" increased, "↓" decreased, ø no change in, P postnatal day, Amph amphetamine, x occurrence, h hour, mA milliampere, ip intraperitoneal, sc subcutaneous, SD Sprague Dawley, LE Long Evans, M male, F female demonstrate that some stress (i.e., social defeat) sensitizes, while others can protect (i.e., single restraint) against psychostimulant CPP, even when the stressor is very brief. The persistence of these effects later in life is unclear based on these limited studies. Only females exhibit Amph CPP when tested in adolescence following social instability, but this stress-sensitizing effect disappears by early adulthood (Mathews et al. 2008 ) ( Table 2 ). These results suggest that females are more sensitive to social instability in adolescence than males (McCormick and Ibrahim 2007; McCormick et al. 2004; McCormick et al. 2005) , and this effect is short lasting. It appears that several determinants for increased CPP after stress in adolescence are important: the interval between stress and CPP, the sex, and ethanol versus Amph CPP.
Preference for nicotine and ethanol
In the earliest investigation of the effects of adolescent stress on drug CPP, Song et al. (2007) report that electric foot-shock applied repeatedly to adolescent mice promotes ethanol CPP at 2 g/kg when measured 24 h after stress (Table 2) . No ethanol preference is observed in non-shocked and acute electric shocked mice. Meanwhile, in adult mice neither acute nor chronic foot-shock elicits an ethanol CPP to 1 g/kg ethanol (Song et al. 2007 ). Likewise, foot-shock in adolescence just prior to nicotine conditioning caused CPP at lower doses, while non-stressed rats do not exhibit CPP for lower doses of nicotine (Brielmaier et al. 2012 ). Thus, foot-shock in adolescence can reduce the dose at which a preference to nicotine or ethanol is established but only within a couple days of stress termination.
Drug self-administration Self-administration is the most useful technique for measuring voluntary intake of drugs (O'Brien et al. 1998; Piazza and Deroche-Gamonet 2013) . Adult stress has been found to increase oral self-administration and intravenous self-administration of drugs of abuse (Funk et al. 2005; Goeders and Guerin 1996; Tidey and Miczek 1997) . The effects of episodic adolescent stress on subsequent intravenous self-administration have not been investigated to date, with limited studies measuring oral intake.
Ethanol self-administration
A few studies have investigated ethanol and cocaine voluntary consumption and preference using the two bottle choice task (Table 3) . Chester et al. (2008) (Table 3) reports that adolescent foot-shock stress increases ethanol preference in both male and female adult high alcohol preferring (HAP1) mice. Abbreviations: "↑" increased, "↓" decreased, ø no change in, P postnatal day, x occurrence, h hour, mA milliampere, SD Sprague Dawley, M male, F female This preference for ethanol was not observed when the same foot-shock procedure was administered to adult mice. This suggests that adolescence is a particularly vulnerable period for foot-shock to have negative effects on ethanol preference in adulthood whether intake is voluntary (Chester et al. 2008) or forced (Song et al. 2007 ). Regardless of whether alcohol preference or total grams of alcohol per body weight ingested were analyzed, Chester et al. (2008) found that foot-shock in adolescence increases ethanol preference and intake in adulthood. By contrast, Brunell and Spear (2005) (Table 3) found that the heightened ethanol intake in nonstressed adolescents compared with adults was not reproduced when investigating preference for ethanol over water. The authors attribute this to the greater fluid consumption in adolescent rats relative to adults. Brunell and Spear (2005) were the first to investigate alcohol intake during stress in adolescent pair-housed rats that were fitted with a transmitter to determine contact with the bottle by each individual. Ethanol intake during adolescence is not exacerbated by concurrent foot-shock during 16 days of access to a sweetened ethanol solution (Brunell and Spear 2005) . Under these conditions, foot-shock for 8 days reduces simultaneous and post-stress ethanol intake (Brunell and Spear 2005) . This reduction appears to be a specific avoidance of ethanol because stress did not decrease saccharin intake (Brunell and Spear 2005 ). This conclusion is further supported by Anderson et al. (2012) (Table 2) , who reported that early adolescent restraint stress does not affect ethanol-elicited taste aversion to a sweetened solution. It is possible that ethanolincreased social contact influenced sweetened ethanol consumption. Willey and Spear (2013) tested the effects of restraint stress or variable stress during early adolescence on ethanol-heightened social contact in adolescent and adult pairhoused rats (Table 2 ). Adolescents exposed to early adolescent stress do not spend more time investigating a novel conspecific under the influence of ethanol. However, adults with a history of restraint stress exhibit increased social contact under the influence of alcohol. A fruitful new avenue of investigation would be to test the effect of other adolescent stressors (i.e. social defeat) on ethanol intake and preference. Overall, it is unclear why adolescent stress reduces concurrent ethanol intake in rodent models. This finding contradicts what is observed in human studies where stress increases ethanol consumption (e.g., Dube et al. 2002) , reducing the face validity of current procedures for linking adolescent stress-induced sensitization to ethanol. Lopez et al. (2011) found that CVS during mid-late adolescence (Table 3) increases ethanol drinking in a two bottle choice task in group and individually housed adolescent mice. This finding agrees with Chester et al. (2008) but is at odds with Brunell and Spear (2005) . The combination of individual housing conditions does not exacerbate the CVS-induced increase in ethanol drinking . However, individual housing alone increases ethanol intake but only if mice were housed individually during adolescence. This further highlights adolescence as a sensitive period of development.
Isolation rearing and subsequent exposure to drugs of abuse
The most commonly used model of adversity in adolescent rodents is isolation rearing (Fone and Porkess 2008; Hall 1998; Lukkes et al. 2009c ). Isolation rearing is conducted by housing rats individually immediately after weaning. If this procedure begins in adulthood, it is usually referred to as isolation housing (Hall 1998; Lu et al. 2003) . Individual housing alters anxiety and drug-elicited behavior only after the individual housing is initiated at weaning, referred to as isolation rearing (Einon and Morgan 1977; Lopez et al. 2011; Ribeiro Do Couto et al. 2009; Robbins et al. 1996; Schenk et al. 1985; Schenk et al. 1990 ). These effects are attributed to the deprivation of social contact and play fighting during adolescence (Einon et al. 1978) , which normally peak in adolescence (Behavior Section). This type of stressor differs from stressful events, such as electric foot-shock pulses or even 1 h of isolation, because withholding social contact for the entire adolescent period causes neither repeated episodes of physiological arousal, sudden surges of stress hormones, nor mesocorticolimbic DA release that are all thought to be critical for cross-sensitization (Sorg and Kalivas 1991) .
The effects of individual housing on responses to drugs of abuse have been extensively reviewed Fone and Porkess 2008; Hall 1998; Lu et al. 2003; Neisewander et al. 2012; Robbins et al. 1996) . Initially, higher doses of Amph and morphine were required for producing effects in isolates comparable to group housed animals (Chance 1946; Katz and Steinberg 1970) . More recently, isolation rearing is reported to cross-sensitize to the motor activating effects of psychostimulants (Ahmed et al. 1995; Bardo et al. 1995; Robbins et al. 1996; Sahakian et al. 1975 ; but see Weiss et al. 2001 ). With regard to psychostimulant self-administration and CPP, there have been several reports that isolation rearing increases (Howes et al. 2000; Schenk et al. 1987) , decreases (e.g., Schenk et al. 1986 ), and does not change (e.g., Bowling and Bardo 1994) preference or operant responding reinforced by psychostimulants. Hall and colleagues suggested that isolation rearing increases drug self-administration during acquisition, but the effect disappears after repeated drug taking episodes (Lu et al. 2003) . By contrast, most studies report a reduced preference for opiates after isolation rearing (e.g., Schenk et al. 1985; Wongwitdecha and Marsden 1996 ; but see Raz and Berger 2010) , but greater opiate CPP was found when measured during adolescence (Kennedy et al. 2012) . Meanwhile, most studies find that isolation rearing increases ethanol intake (e.g., Lopez et al. 2011; Wolffgramm 1990 ; but see Pisu et al. 2011) . Overall, the effects of isolation rearing on subsequent responses to drugs of abuse are inconsistent (Fone and Porkess 2008) , perhaps due to variations in the duration of individual housing (i.e. a range from about 21 to 140 days), amount of experimenter handling, drug investigated, and the method used to assess drug preference, reinforcement, or behavioral activation (Hall 1998) .
Whether the animal is tested in a socially deprived state or after a period of rehousing could explain such inconsistent results (Lukkes et al. 2009c ). Rats isolated from P21 to 42 and resocialized P42 into adulthood exhibit social anxiety-like behavior (Lukkes et al. 2009a; Lukkes et al. 2009b ) and greater impulsivity (Baarendse et al. 2013) , suggesting that isolation during early-and mid-adolescence followed by group housing for the rest of adolescence is sufficient to cause negative outcomes. Whitaker, et al. (2013) recently reported that isolation rearing from P21 to 42 but not P21-28 or P42-63, increases Amph and ethanol CPP. They discovered that this effect is mediated by glutamate receptor-dependent longterm potentiation in the VTA, which is exacerbated by resocialization from P42-56 (Whitaker et al. 2013) . It should be noted that resocialization abolishes the isolation rearinginduced conditioned place aversion to morphine (Coudereau et al. 1997 ). There continue to be exceptions to the generalizations about whether individual housing changes responses to abused drugs. The most consistent finding is that isolation housing and isolation rearing cause hyperactivity to novelty, a behavioral trait long associated with greater drug responsiveness (Hooks et al. 1991; Orsini et al. 2004; Piazza et al. 1989 ).
Possible neural mechanisms: focus on dopamine
Sensitization of the mesolimbic dopamine system Adult Amph injection elicits a larger increase in NAc core DA tissue content after mid-adolescent social defeat stress, while there is no change in serotonin (5HT), norepinephrine, or metabolites in the dorsal striatum, hippocampus, NAc shell, or medial prefrontal cortex (Burke et al. 2010) (Table 4) . Similarly, early adolescent stress, but not adult stress, increases DA content in the NAc of Amph injected midadolescent rats (Table 4 ). These results suggest that stress during early to mid-adolescence sensitizes the NAc DA neurons immediately , and this effect persists into early adulthood (Burke et al. 2010) . These results suggest a common neural substrate for adult and adolescent stress cross-sensitization.
Rats defeated in mid-adolescence that exhibit a sensitized motor response to Amph fail to also show sensitized extracellular DA levels in the NAc core (Burke et al. 2010) (Table 4) . Perhaps, NAc shell DA release would be sensitized after adolescent defeat, as observed following adult defeat (Miczek Burke et al. (2010) Rats Wistar M P28-34 or P60-66 restraint 2 h/day for 7 days P37 or 69 acute Amph (1 mg/kg ip) with sampling 60 min later ↑ Dopamine tissue content in NAc of adolescents, but not adults exposed to stress, ↑ dopamine turnover in VTA of adolescents, but not adults exposed to stress Cruz et al. (2012) Rats SD M Social defeat, 1×/day for 5 days, 10 0.5 mA foot-shock 1×/day for 5 days P58 Amp. (1 mg/kg, ip) every other day for 14 days with sampling on day 16 ↓ D2 dopamine receptor protein in NAc core after foot-shock and control treatment, but ø socially defeated NAc core samples, ø in mPFC Burke et al. (2011) Rats SD M P35-39 social defeat, 1×/day for 5 days P56 "acute" or P62 repeated Amph
(1 mg/kg, ip) daily for 6 days with continuous sampling for 200 min after injection ↓ Extracellular dopamine levels in mPFC in response to acute Amph of adults exposed to adolescent stress, ø in NAc core Burke et al. (2013) Abbreviations: "↑" increased, "↓" decreased, ø no change in, NAc nucleus accumbens, mPFC medial prefrontal cortex, VTA ventral tegmental area, h hour, mA milliampere, P postnatal day, x occurrence, h hour, SD Sprague Dawley, M male, F female et al. 2011). The VTA is also a primary target for adult social defeat-induced cross-sensitization to cocaine (Boyson et al. 2011; Miczek et al. 2011) . Dopamine turnover in the VTA when measured in adolescence is greater following restraint stress in early-adolescence . Further studies are needed to determine whether VTA DA cells are similarly hypersensitive to drugs of abuse after adolescent stress as observed following adult stress, and whether this effect is long lasting. Some evidence suggests that 20 brief foot-shocks per day for 1 week results in ethanol CPP in adolescents but not adults (Song et al. 2007 ). As experimenter-administered ethanol causes a greater DA release in the NAc shell in adolescents compared with adults (Pascual et al. 2009 ), this is an attractive neural mechanism underlying the idea that adolescents are more sensitive to stress cross-sensitization than adults (Andersen and Teicher 2008) . However, stress-induced increases in ethanol-induced motor activity are observed in adults, but not adolescents (Acevedo et al. 2013 ). This could be explained by the finding that adolescent mice exhibit reduced corticosterone in response to mild stressors compared with adults (Adriani and Laviola 2000) , supporting the idea of adolescent resilience to stress . Neural mechanisms that underlie the apparent increase in voluntary ethanol intake after adolescent stress (Chester et al. 2008; Lopez et al. 2011 ) need further investigation.
Sensitization of the mesocorticolimbic DA system may also explain the aforementioned sex differences (Amphetamine and cocaine Section, Nicotine Section under Acute drug-stimulated locomotion Section and Nicotine Section under Drug-stimulated locomotion after repeated exposure Section, Preference for amphetamine and cocaine Section). Namely, cross-sensitization to psychostimulants after adolescent social instability occurs in females more than males and this effect was transient (Mathews et al. 2008; McCormick et al. 2004; McCormick et al. 2005) . Adolescent females exhibit less severe decreases in NAc DA during nicotine withdrawal (Natividad et al. 2010) and are hypothesized to exhibit greater DA release in response to nicotine compared with adult females and males of any age (O'Dell and Torres 2013) . Females may also exhibit greater DA in response to adolescent stress, which could be a key component of increased female vulnerability to social stress-heightened nicotine-stimulated locomotion compared with males stressed in adolescence.
CRF and VTA
The CRF system in the VTA has been implicated in adult stress cross-sensitization to drugs of abuse. Rats that receive a systemic or intra-VTA CRF-R1 antagonist, CP-154,526, prior to adult social defeat stress, are protected against social stressstimulated sensitization and escalated cocaine selfadministration (Boyson et al. 2011 ). This effect is most likely mediated by suppression of stress-induced CRF release that stimulates VTA DA neurons (Wanat et al. 2008; Wang et al. 2005) . In addition, the social defeat stress-sensitized DA release in the NAc shell in response to cocaine is blocked by CP-154,526 infusion into the VTA prior to each defeat episode (Boyson et al., unpublished data) . This suggests that CRF-R1 is critical for adult stress to increase cocaine-stimulated DA release when tested 10 days later in adulthood. Concerning adolescent stress, systemic CP-154,526 administration prior to early-adolescent stress also blocks cross-sensitization to nicotine CPP (Brielmaier et al. 2012) . Other evidence suggests that the shift from an enriched environment during adolescence to standard housing is stressful and cross-sensitizes to cocaine CPP (Nader et al. 2012) . Chronic administration of a CRF-R1 antagonist (antalarmin) blocks the environmental stressheightened cocaine CPP (Nader et al. 2012) . These data suggest that stress-stimulated VTA CRF signaling through CRF-R1 is involved in stress cross-sensitization to psychostimulants in both adolescents and adults. If CRF-R1 agonist infusion into the VTA also causes behavioral and neural hypersensitivity to drugs of abuse, then the role of CRF-R1 would be confirmed.
Amygdala CRF
Amygdala CRF is implicated in the adult stress response and is hypothesized to underlie age differences in stress crosssensitization to drugs of abuse. Uncontrollable adult stress increases CRF mRNA in the BLA and medial amygdala (Fekete et al. 2009; Fernandez Macedo et al. 2013 ) and urocortin-stimulated BLA CRF receptors increases anxietylike behavior (Rainnie et al. 2004) . How adolescent stress affects the still developing CRF system in the amygdala (Corticotropin-releasing factor Section) remains to be determined. CRF in the BLA is implicated in enhancing memory consolidation of drug-paired cues that initiate reinstatement of drug seeking behavior (Carelli et al. 2003; Roozendaal et al. 2008) . Stress may differentially affect the CRF-R2 in the BLA in adolescents versus adults because binding to CRF-R2 is less in adolescents than adults (Weathington and Cooke 2012) . Conceivably, disrupted adolescent maturation of CRF-R2 by stress could explain the absence of cocaine cue-induced reinstatement after adolescent stress as opposed to adult stressed groups (Table 2) (Ribeiro Do Couto et al. 2009 ). Furthermore, adolescent stress fails to cross-sensitize to a drug challenge after withdrawal from repeated injections of psychostimulants (Table 1) (Burke et al. 2013; Kabbaj et al. 2002; Trzcinska et al. 2002) , which disagrees with studies conducted in adults. Amygdala CRF increases during withdrawal from ethanol or cocaine (Zorrilla et al. 2001) and CRF-R2 is implicated in the motor response to methamphetamine after withdrawal from repeated injections (Giardino et al. 2011) . It is possible that the immature amygdala CRF system during adolescent stress could explain the lack of cross-sensitization after adolescent stress. Determining how adolescent stress affects the CRF cells in the central nucleus of the amygdala and bed nucleus of the stria terminalis would give insight into the differential effects of adolescent versus adult stress cross-sensitization to drugs of abuse.
Reduced cortical dopamine
Adolescent social defeat stress reduces basal (Watt et al. 2009 ) and acute Amph-stimulated DA tissue content and extracellular levels in the mPFC (Burke et al. 2013; Burke et al. 2010) (Table 4) . Mid-to late-adolescent isolation housing also reduces "frontal cortex" DA tissue content and basal extracellular levels in mice that were at a genetic risk (Dominantnegative disrupted in schizophrenia 1) (Niwa et al. 2013 ). In addition, isolation rearing (P21-42) followed by resocialization abolishes the sensitivity of mPFC pyramidal neurons to DA (Baarendse et al. 2013) . These results provide evidence that social stress during adolescence can disrupt the maturation of mPFC DA. This effect is probably specific to adolescence as adult social defeat does not alter mPFC basal DA levels (Tidey and Miczek 1996) . Thus, reduced mPFC DA may be a unique consequence of adolescent social stress, but further research on social stress is warranted that directly compares adolescents to adults. Dopamine in the mPFC can modulate drug-stimulated motor activity through cortical regulation of the limbic system. In fact, Amph-heightened locomotion negatively correlates with extracellular DA levels in the mPFC, whereby reduced mPFC DA predicts greater Amph-induced locomotion (Burke et al. 2013) . The mPFC sends glutamatergic projections to the NAc and striatum (McGeorge and Faull 1989; Spence et al. 1985) . Dopamine release in the mPFC inhibits glutamate neurons in the mPFC (Thierry et al. 1986 ) and glutamate antagonists injected in the NAc reduce Amphelicited increases in locomotion (Pulvirenti et al. 1989) . Thus, the reduction of mPFC DA activity by adolescent social stress may allow for enhanced mPFC glutamatergic input to the NAc to increase NAc DA in response to appetitive stimuli (Mitchell and Gratton 1992) and underlie drug-stimulated behavior (Freed and Yamamoto 1985; Meredith et al. 2008) . As no relationship between DA release in the NAc core and locomotion in response to Amph was observed (Burke et al. 2013 ), it will be of interest to investigate other motor control regions that receive mPFC glutamatergic projections such as the NAc shell, striatum, or subthalamic nuclei (Humphries and Prescott 2010; Ikemoto 2007) . Glutamate release in the NAc could also mediate heightened drug-stimulated motor activity after adolescent social stress (Table 1) .
D2 dopamine receptors
Adult threats of social defeat and witnessing an emotional response to stress both increase mPFC DA (Kaneyuki et al. 1991; Tidey and Miczek 1996) . A potential mechanism underlying the adolescent stress-induced reduction in mPFC DA is D2 DA autoreceptor activation because mPFC DA peaks during adolescence (Fig. 2c) and social stress may cause excess mPFC DA release during episodes of adolescent stress. Presumably, stress in adolescence also increases mPFC DA release and these repeated phasic increases in DA may also underlie the reduction in mPFC DA content and release following adolescent social defeat (Burke et al. 2013) . While the adult mPFC does not contain synthesis-regulating autoreceptors and relies on release modulating autoreceptors to dampen DA release (Galloway et al. 1986; Wolf and Roth 1990) , the adolescent mPFC contains synthesis-regulating autoreceptors (Andersen et al. 1997a ). Activation of presynaptic Gi-coupled D2 receptors inhibits tyrosine hydroxylase, the rate-limiting enzyme for DA synthesis (Lindgren et al. 2003; Picetti et al. 1997) . Thus, the repeated activation of D2 autoreceptors during adolescence by excess stress-induced DA release may decrease DA synthesis. Furthermore, decreased DA may be permanent because the mPFC DA system is still undergoing development and pruning of unused neurons. Systemic adolescent activation of D2 autoreceptors via quinpirole (D2 agonist) reduces adult tyrosine hydroxylase fibers (Naneix et al. 2013 ). This same treatment also reduces D1 and D2 DA receptors restricted to the mPFC (Naneix et al. 2013 ). This adolescent treatment also reduces DA content in the mPFC, NAc, and striatum. When quinpirole is infused directly into the mPFC during mid-adolescence, it also reduces mPFC DA . Furthermore, the adolescent defeat-induced reduction in cortical DA is blocked by the intra-mPFC D2 antagonist amisulpride ). However, mPFC D2 receptors are not changed by adolescent social defeat (Burke et al. 2011) (Table 4) . Future studies should demonstrate that adolescent defeat induced cross-sensitization to psychomotor stimulants is abolished by blocking D2 DA autoreceptors.
Glucocorticoids
Glucocorticoid receptors that bind corticosterone are expressed in the mPFC (Diorio et al. 1993 ) and on VTA DA neurons that project to the mPFC (Harfstrand et al. 1986 ). The adolescent mPFC undergoes late adolescent maturation and the HPA axis is hyper-responsive to stress possibly because of underdeveloped negative feedback (Hypothalamic pituitary adrenal axis and Brain Dopamine and CRF Sections). In addition, social defeat increases corticosterone within the mPFC (Croft et al. 2008) . Glucocorticoid administration increases DA activity in the NAc and mPFC (Imperato et al. 1989; Rothschild et al. 1985) , increases Amph self-administration (Piazza et al. 1991) , and mice with a genetic deletion of glucocorticoid receptors do not exhibit defeat-stimulated NAc DA release (Barik et al. 2013) . Glucocorticoid agonists and corticosterone reduce glutamatergic pyramidal neuron apical dendrite size in the mPFC (Cerqueira et al. 2007 ), suggesting stress-increased corticosterone could reduce synaptic contacts between mesocortical DA projections and mPFC pyramidal cells. Assuming the adolescent mPFC functions similarly, cortical DA terminals that do not make synaptic connections with mPFC pyramidal cells (or GABA interneurons) would likely be pruned or undergo axonal regression during final adolescent mPFC development (Low and Cheng 2006; Luo and O'Leary 2005) . In support of this hypothesis, early to mid-adolescent rats exposed to chronic restraint stress have decreased dendritic complexity in the mPFC (Eiland and Romeo 2013) . The excess corticosterone response to social stress in adolescence may underlie the reduced mPFC DA. Blocking the corticosterone response to adolescent defeat or administering corticosterone during adolescence may block or mimic, respectively, the effects of adolescent social stress on mPFC DA.
Future directions
It is imperative to compare, within the same study, the effects of adolescent versus adult stress on the response to drugs of abuse (e.g., Laviola et al. 2002) . Several studies discussed above directly compared adolescents to adults (Chester et al. 2008; Cruz et al. 2012; Doremus-Fitzwater et al. 2010; McCormick et al. 2005; Ribeiro Do Couto et al. 2009; Song et al. 2007; Willey and Spear 2013; Zago et al. 2012 ) to determine if adolescents are vulnerable or resilient to stress crosssensitization to abused drugs compared with adults. While there is compelling evidence that adolescents are resilient to the negative effects of social stress compared with adults (Buwalda et al. 2013; Jankord et al. 2011; Willey and Spear 2013) , four studies found increased vulnerability to stress in adolescence versus adulthood on cross-sensitization to drugs of abuse (Chester et al. 2008; McCormick et al. 2005; Song et al. 2007; Zago et al. 2012 ). However, a few studies find that age has no effect on whether the stress cross-sensitizes to drugs of abuse (Cruz et al. 2008; Cruz et al. 2012; Doremus-Fitzwater et al. 2010) .
Very few studies investigate stress-induced changes in brain and behavior restricted to the temporally distinct stages of adolescence as Whitaker et al. (2013) did. It would be instructive to compare the detrimental effects of early adolescent verses mid-adolescent stress, for instance, on subsequent behavioral responses to drugs of abuse within the same study. This type of experimental design is often used to elegantly demonstrate the peak in adolescent behaviors, activity of HPA axis, DA systems, and cocaine CPP (Brenhouse et al. 2008; Foilb et al. 2011; Naneix et al. 2012; Vetter-O'Hagen and Spear 2012b) . The persistence of the negative effects of adolescent stress is also important. For example, adolescent social stress increases the locomotor response to nicotine in adulthood (McCormick and Ibrahim 2007) but not when measured during adolescence, and adult social defeat crosssensitization to cocaine is still present 70 days after the first defeat . Studies that find a clear difference in brain and behavior as a result of adolescent stress should investigate whether these effects are short lasting, long-lasting, or perhaps not apparent until adulthood, after adolescent maturation is complete.
In adult rats, brief exposure to a stressor has a very different outcome than continuous exposure to adversity. While brief intermittent stress augments the motor stimulating effects of psychostimulants (Adult stress cross-sensitization to drugs of abuse Section), prolonged uncontrollable stress can cause reward dysfunction Willner 1997) . Brief episodes of social defeat cause a sensitized NAc DA system and increased cocaine taking, while after continuous subordination stress the opposite occurs (i.e., less NAc DA and cocaine taking) . Thus, an apparent paradox exists where longer duration of stress actually elicits less sensitization to drugs. For adolescents rodents, CVS that persists for a longer duration than the stress-free period causes greater crosssensitization to drugs of abuse (Lepsch et al. 2005; Lopez et al. 2011) , while brief variable stressors increase (PelegRaibstein and Feldon 2011) or block (Kabbaj et al. 2002) cross-sensitization to psychostimulants. The reward impairing effects of continuous stress on ensuing drug abuse-related measurements might be age dependent.
There are sex differences in the effects of early life stress on subsequent response to drugs of abuse during adolescence (Viveros et al. 2011 ). However, very few studies have investigated sex differences in adolescent stress cross-sensitization to drugs of abuse. Only 8 out of the 26 studies cited in Tables 1,  2 , and 3 investigate females. Very few studies have characterized the basal changes in the DA system and HPA axis during female adolescence (Andersen et al. 1997b; Romeo et al. 2004) . Figures 2b and 2c summarizes the suspected changes in the dopaminergic system throughout male adolescence because data for females are very limited. Future studies should investigate the effects of adolescent stress on drugs of abuse in females and males.
Intravenous operant self-administration is the most informative preclinical method to assess salient aspects of drug abuse, such as the transition from impulsive to compulsive intake, motivation to work for a drug, and controllability of intake (O'Brien et al. 1998; Piazza and Deroche-Gamonet 2013) . As adult social defeat and other stressors can escalate subsequent cocaine self-administration behaviors (Adult stress cross-sensitization to drugs of abuse Section), future experiments should test voluntary i.v. self-administration following social defeat in adolescence, as currently investigated (Burke and Miczek, unpublished data) . As reduced acute Amph-induced mPFC DA content and increased Amphstimulated locomotion following adolescent social defeat is observed after acute Amph but not repeated Amph injections, adolescent defeat may exert its greatest impact on Amph responses during the acquisition phase (Burke et al. 2013) . Likewise, adolescent defeat may elicit greater preference for drugpaired cues after a single pairing with Amph.
So far, most efforts to study the effects of social defeat in adulthood on alcohol and heroin consumption are unsuccessful in demonstrating cross-sensitization to these substances (van Erp and Miczek 2001; Quadros and Miczek 2009 ). These data are at odds with results of other drugs (Adult stress crosssensitization to drugs of abuse Section). Adolescent social stress in humans is associated most often with increased nicotine, alcohol, marijuana, and inhalant use (Sullivan et al. 2006; Tharp-Taylor et al. 2009; Topper et al. 2011 ). However, no preclinical studies to date have investigated adolescent stress cross-sensitization to marijuana or inhalants, for instance. Demonstrations of adolescent stress crosssensitization to other drugs of abuse would support the applicability of this basic research to humans.
Conclusions
The recent rise in research on adolescence and drug use often overlooks the impact of stress during adolescence. Rodent models are useful for determining the neural mechanisms that underlie the connection between adolescent adversity and illicit drug use. The final maturation of many behaviors, DA, CRF, and HPA axis occurs during adolescence. The acute motor response to psychostimulants is increased after adolescent restraint stress, but this effect does not persist into adulthood unless a non-habituating stressor is applied. By contrast, stress during adolescence does not increase drug-stimulated motor behavior after repeated psychostimulant injections. Only females exhibit greater motor responses to nicotine after adolescent stress. Adolescent stress most often increases later ethanol and Amph CPP. Few studies investigate voluntary drug self-administration after adolescent stress, but ethanol consumption was greater in adulthood after adolescent stress in two extensive studies. Isolation rearing is fundamentally different from episodic stress but often causes crosssensitization to drugs of abuse and disrupts brain maturation. Some evidence suggests sensitization of the mesolimbic DA system after adolescent stress is similar to that observed after stress in adulthood. The CRF system in the VTA, especially CRF-R1s, has a role to sensitize VTA DA cells to drugs of abuse regardless of age. Given the late maturation of mPFC, stress during adolescence may uniquely reduce mPFC DA levels to underlie cross-sensitization to drugs of abuse. Dopamine D2 receptors and glucocorticoids are potential neural mechanism underlying stress-induced reductions in cortical DA. Further research is warranted to determine the precise role of DA, CRF, and HPA axis in adolescent stress crosssensitization to abused drugs.
